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1. INTRODUCTION

Laser ranging systems have developed rapidly in the past few years.
Limitations in ranging accuracy are caused by atmospheric refraction and
scattering. In this paper the effects of atmospheric refraction will be
discussed.

Atmospheric refraction wi}l increase the optical path length to an
orbiting satellite by a few meters when the satellite is near zenith, and by
over ten meters when the satellite is near 10° elevation. Saastamoinen [1]
and Marini [2] have developed correction formulas to compensate for the
effects of atmospheric refraction on the optical pach length. These formulas
are convenient for correcting satellite tracking data since they require only
surface measurements of pressure, temperature, and relative humidity.

Marini and Murray [3] investigated the accuracy of their formula by comparing
the results to ray traces through refractivity profiles derived from radiosonde
balloon measurements of pressure, temperature, and relative humidity. “The
difference between the range corrections obtained by ray tracing and the
correction formula was only a few millimeters at 1G° elevation, and

decreased to less than one millimeter near zenith. The correction formulas
derived by Saastamoinen and Marini, and the ray traces through the refractivity
profiles all assume a spherically symmetric refractivity profile., The errors
introduced by this assumption are investigated in this paper by ray tracing
through three-dimensional profiles. The results of this investigation indicate
that the difference between ray traces through the sphericall symmetric and
three-dimensional profiles is approximately three centimeters at 10° and
decreases to less than one half of a centimeter at 80°. Therefore, if the
accuracy desired in future laser ranging systems is less than a few
centimeters, Saastamoinen and Marini's formulas must be altered to account for

the fact that the refractivity profile is not spherizally symmetr:z.
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2. MARINT AND MURRAY'S FORMULA

P

Marini and Murray's formula is based upon the theory of geometric optics.

The optical path length is defined as the integral of the group index of *
refraction along the ray path :F;
R.=[ n do . (2-1)
€ ¢ 8

The ray path will lie entirely in a plane if the refractivity is spherically
symmetric. Using this assumption, it follows that d¢ = dr/sin®. This fact

simplifies equation (2-1) to

r
1 n

R, = / s—x-medr (2-2)
To

where I Tgs and 6 are shown in Figure 1. The equation for group refractivity

[3] can be written as

P e
N8 80.343 £(}) T 11.3 T (2-3)
where
£(A) = .9650 + ~0164 , .000228 (2-4) :
2 4 ;
A A
7.5(T - 273.15)
Rh 237.3 + (T - 273.15)
e =700 * 6.11 x 10 (2-5)
nd
A = wavelength of radiation (microns)
P = atmospheric pressure (mb)
T = temperature (°r)
Rh = relative humidity (%).



L e

P PR Moy

TRACKING
STATION N\

EARTH RADIUS r,

Figure 1. Geometry of laser ranging site and satellite target [3].

SATELLITE

r=rot+h

ry =
1 'o“‘h,

e



-

The group index of refraction is given by

-6
g 8 (2-6)

The desired range correction is the difference between the measured path

length, Re, and the straight path length, R.
AR = Re - R (2-7)

Using equations (2-2), (2-4), and (2-7) the range correction can be represented

as the following integral:

-6 1 N, 5 dr
= — ke 3 -
AR = 10 f' sinsar |l G- R| - (2-8)
"6 -To

The first term can be considered the velocity error. The bracketed term is
the difference between the geometric lengths of the ray and ‘:traight line
paths. To evaluate these integrals Marini and Murray [3] used the perfect gas
law, the law of partial pressures, the hydrostatic equations, and Snell's law

for a spherically stratified medium. They obtained the following formula for

AR
L EQ) A+B )
R4, . ;4 BGATD (2-9)
sin E + .01
where
£(¢,H) = 1 - .0026 cos 2¢ - .00031H " (2-10)
K = 1.163 - .00968 cos 2¢ - .00104T, + .00001435B (2-11)
A = .002357P) + .000l4le, g (2-12)
-8 -8, ‘0 2
B= (1.084 x 10°°) P.T.K + (4.734 x 10™°) (2-13)

00 TO (3 - 1/K)

0
‘i§g§!l
™4
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and
surface pressure at site (mb)

o
L]

surface temperature at site (°K)

)
H

latltude of site

©
L}

H = elevation of site above sea level (km) .

Notfce that the formula only requires surface measurements. The integiand
of equation (2-8) was expanded in inverse powers of sineO to obtain
equation (2-9). The constant .01 in formula (2-9) was derived empirically
to compensate for the neglect of higher order terms in this expansion.
Marini and Murray investigated the accuracy of their formula by
comparing the results to those obtained by ray tracing through spherically
symmetric refractivity profiles. The profiles were obtained by using
radiosonde balloon data to calculate the group refractivity using equation (2-3).
The refractivity was only a function of height since one radiosonde
balloon was used in its calculation. The results of their investigation are
summarized in Table 1. RTl is the correction obtained by ray tracing
through the spherically symmetric refractivity profiles while MM is the

correction obtained from Marini and Murray's formula [equation (2-9)].

TABLE 1

RESULTS OBTAINED BY MARINI AND MURRAY FOR RUBY LASER (A = 694 nanometers)

RT, - MM
RT 1
Elevation "1 Standard
Angle Mean (m) Mean (cm) Deviation (cm)
80° 2.47 .07 .04
40° 3.69 -.1 .07
20° 6.91 -.05 .12
10° 13.32 -.08 .49
ce b i e b e L -
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3. NONSYMMETRICAL REFRACTIVITY PROFILE

In our investigation a three-dimensional refractivicy profile was
generated from radiosonde balloons which were released simultaneously from
three separate locations around the ranging site. Radiosonde data from
Project Haven Hop 1 [4] was used. Figure 2 gives the locations of the
balloon release sites, which were centered around Washington, D.C. After
the balloons were released, they were frequently blown down range as far as
150 kilometers. An overhead view of three typical balloon trajectorics is
plctured in Figure 3. Notice that the three trajectories are very simiiar.
This indicates that at least the wind conditions at the three sites are
relatively homogeneous.

Three tables of pressure, temperature, and relative humidity versus
height were generated from the radiosonde data. Each table corresponded
to a different balloon release. An example of the data from one radiosonde
is shown in Figure 4. The data was taken from a height equivalent tov the
situ's altitude to approximately 15 kilometers. Each table's measurements
were normalized to standard heights to simplify the ray tracing program
(see Appendix A). This was done by interpolating the pressure, temperature,
relative humidity, azimuth, and elevation between two data points of the
balloon release. The temperature, relative humidity, azimuth, and elevation
measurements were linearly interpolated. The azimuth and elevation at a
particular height represent the balloon's position with respect “o the
tracking station from which the balloon was released. Using the hydrostatic

equation, an interpolating formula for pressure can be obtained[3]
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GH(H2 - Hl)
p, |T..\ Ry ~ Typ)
2 _ (v (3-1)
1 w2
where
2
G = 9.8 m/sec
M = molecular weight of dry air = .3.966
R = universal gas constant = 8314.36 joules (°K)_1 (kg=mole)~1
H2 = height of desired pressure (km)
Hl = height of known pressure (km)
- ©
TVl = virtual temperature at Hl (°K)
= o
TVZ virtual temperature at H2 (°K)
P1 = known pressure (mb)
P2 = desired pressure (mb) .
The virtual temperature is related to T (°K) [3] by
Tv = ‘———T-_—_—Z (3_2)
1-0.379 P

where e is given as before by formula (2-6) and P is the pressure in mb.
Assuming that virtual temperature varies linearly with respect to height, the
value of TV2 can be linearly interpolated between two data points. Therefore
the desired pressurc value P2 can be found by using (3-1). Using these
interpolation formulas, tables of pressure, temperature, and relative humidity
can be generated to a height as high as the final radiosonde data point. Above
this height the pressure is assumed to be a decaying exponential, while the
remaining measurements are assumed to be the value of the last measured data
point. This is the same approach that Marini and Murray used to construct

their pressure, temperature, and relative humidity tables from radiosonde

s
28
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data [3]. The difference between Marini and Murray and our investigation is
that three tables are constructed. From these tables, the refractivity at
any point along the path of each balloon trajectory can be calculated using
(2-3). If the refractivity is desired at a height not equal to a standard
height, the values of pressure, temperature, and relative humidity are inter-
poiated. The interpolating is done between the two standard heights closest
to the désired height. These interpolations are identical to the interpolations
used in creating the tables. Using these interpolated values the refractivity
can be calculated by applying formulas (2-3), (2-4), and (2-5).

To generate a 3-dimensional refractivity profile, we will assume the
refractivity varies linearly in the horizontal direction. The refractivity at
any point can be obtained by interpolating between the refractivities calculated
at the same height along the trajectory of each of the three balloons using

the formula

N(r) = N_+ 6N + ¢-sin(9)-N¢ (3-3)

where 0 and ¢ are the co-latitude and longitude of the vector r = (r,08,0). The
geometry of the problem is illustrated in Figure 5. Notice in Figure 6 that
6-r is proportional to horizontal displacement in the north-south direction
while ¢-sin(8)'r is proportional to horizontal displacement in the east-west
direction. Since a linear variation of group refractivity in the horizontal
east-west and north-south directions was assumed, equation (3-3) follows.

The coefficients Nr’ Ne, and N, at any height, h, are calculated by

¢

solving the matrix equation
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N 1 6, ¢ sin 0 (N
éw 1 1 1 1
Ne =11 62 ¢2 sin 62 N2 (3-4)
bN¢ 1 63 ¢3 sin 03 N3
where Nl’ NZ' and N3 are the refractivities measured by the three radiosonde

balloons a: the given altitude, h, and (61,¢1), (92,¢2), and (6 ) are the

3%

co~latitude and longitude of the balloons at the given altitude. r is related

to h by

r=h+r (3-5)

where r,, is tne radius of the earth at the laser site (see Figure 1).

o

Nr’ Ne, and N$ vary as a function of r but are constant with respect to 9

and ¢.
The gradients with respect to r, 8, and ¢ can be calculated by

differentiating (3-3)

3N aN 3N
oN r ] ¢
—_— = — e— 4+ ¢+8in(0) - -
- ar*'ear ¢»sn()ar (3-6)
N _ . _
38 = Ne + ¢ cos(e)-N¢ 3-7)
N sin(8)-N (3-8) '

a¢ ¢

The refractivitv at any position (h,8, $§ can now be calculated. The values

of pressure. temperature, relative humidity, azimuth, and elevation angle along
the bal? 1 trnjectories are obtained from the three tables at a height h.

These values are calcrlated by interpolating between two standard heights.
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The azimuth and elevation angle are converted to longitude and co~latitude

T

(¢1,Q2.¢3,Q1,62,93). Equations (2-3) through (2-5) are used along with the
interpolated values of pressur:, temperature, and relative humidity to

M obtain the group refractivities at a height h along each balloon trajectory.

‘ The coefficients Nr’ Ne, and N¢ are calculated using equation (3-4) at a
height h. These coefficients are then used in equatisn (3-3) along with

6 and ¢ to obtain N(h,6,¢). By this method the three~dimensional refractivity

profile is created.

™
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4, ANALYSIS OF THREE-DIMENSIONAL REFRACTIVITY PROFILE AND GRADIENTS

The nonsymmetrical aspects of group refractivity are discussed in this
section. If group refractivity was spherically symmetric, the refractivities
measured along each balloon trajectorv should be equal at equivalent heights.
Figures 7 and 8 are plots of the difference between the group refractivities
measured along each balloon trajectory versus height. Figures 7 and 8 are
on pages 15 and 16. Figure 7 used release sites 52, 55, and 58, while
Figure 8 used sites 53, 55, and 57. Notice Figure 8 has a larger difference
between the refractivities than Figure 7.

The refractivities at heights directly above each balloon release
station were calculated using equation (3-3). Figure 9 {llustrates the

geometry of the problem.

Calculated —— /o Balloon
Refractivities Trajectory

Balloon Release Site

Figure 9. Geometry of refractivity calculations directly above each balloon
release site.
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The difference between the refractivities directly above each site versus
height is plotted in Figures 10 and 11. TFigures 10 and 11 correspond to
the same radiosonde balloon releases used to plot Figures 7 and 8. Notice
that Figures 7 and 10 are similar. The reason for this is that since the
refractivities along the three balloon trajectories (Nl. Nz, and N3) differ

by a small quantity, the coefficients Ne and N¢ calculated by martix equation

(3-4) are small. Therefore equation (3-3) for refractivity is essentially a
function of height only (spherically symmetric). In this case, the refractivity
calculated along the balloon trajectory at a height h is approximately equal
to the refractivity calculated at the same height directly above the balloon
release site. Figures 8 and 10 differ significantly since Ne and N¢ are large
(Nl, Nz, and N3 differ by a large amount). It is interesting to note that
the difference between a three-dimensional and spherically symmetric refractivity
ray trace was larger when the balloon releases in Figure 8 (and 11) were used to
generate the refractivity profiles.

The € and ¢ gradients were also calculated directly above each release
site using (3-7) and (3-8) and plotted in Figures 12 and 13 along with the
group refractivity. If the refractivity profile was spherically symmetric
these gradients would be zero. Equation (3-~3) was used to calculate the
refractivity. Note that both pluts of group refractivity follow an exponential
curve. The8 and ¢ gradients in Figure 13 have the same general tendencies,
while the € and ¢ gradients in Figure 12 are generally unrelated. In both
figures, tlough the § and ¢ gradients are not zero. This indicates that
ref?activity is not spherically symmetric. The question then is how do
these asymmetries affect the accuracy of Marini and Murray's range correction

formula?
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5. RESULTS FROM THREE-DIMENSIONAL REFRACTIVITY PROFILE RAY TRACING

The =rror introduced intc laser ranging measurements by assuming the
refractivity profile is spherically svmmetric is investigated in this
section. Ray traces through three-dimensional and spherically symmetric
refractivity profiles were compared to evaluate this error. Appendix 1
gives the details of the ray tracing »rocedure. In creating the three-
dimensional refractivity profile, radiosonde data from Project Haven Hop 1
was used. One balloon ralease site was assumed to be the ranging site,

The remaining two release sites are located approximately 100 kilometers from
the ranging site. Figure 14 illustrates the approximate locations of one
set of three release sites. The three-dimensional ray trace, RTB’ was

dependent on azimuth angle since the refractivity varied linearly in the

—--‘.

. r__—_——’ Release Site
Ranging and

Release Site

=~ ~Release Site
~

~
i

Figure 14, Lozations of one set of release sites.

22

L Y A 4 S T s+ < ¥

£



gy

Wi

enE R '{"g“"‘ K

[ A TR Y

23
horizontal direction. For 313, the aziwmuth angles were selected in 10° incre~
ments from the beginning azimuth, El’ to the final azimuth, 52. The azimuth
angles formed by the laser site and remaining two release sites, A1 and Az. are
used to calculate the beginning and final azimuth angles. 51 is the closest
azimuth angle less than Al’ which is an even multiple of 10°. {2 is the closest
azimuth greater than A2 which is an even multiple of 10°. See Figure 14 for
beginning and final azimuth angles for one set of three balloon release sites. The
spherically symmetric refractivity profile was calculated from the balloon released
from the ranging site. RII was independent of azimuth since refractivity was only
a function of height. Each spherically symmetric ray trace, therefore, was com-
pared to three-dimensional ray traces at different azimuth angles. Figures 15
through 21 represent graphs of this comparison. The data points (RT3—R11), which
were calculated every 10°, vere connected by straight lines. In Figure 3, the
balloon released from the ranging site was blown at an azimuth angle of approxi-
mately 90°. When the same balloon releases as illustrated in Figure 3 were used,
the difference betwee RT3~R.'1‘1 was small at an azimuth of 90° (See Figure 15 for

these results). This is expected since the 6 and ¢ along the ray path are similar

to the 6 and ¢ of the balloon trajectory at a given height.

The histograms in Figures 21, 22, 23, and 24 weve obtained from 428 com-
parisons of ray traces through three dimensional and spherically symmetric
refractivity profiles. The 428 ray traces at each elevation angle were obtained
from 17 different sets of 3 balloon releases. For each set of releases, rays were
traced at 8 to 9 azimuth angles from each of tlie three release sites. All refrac-
tivity profiles were generated for a wavelength of 530 nanometers, which is the
wavelength for the doubled Yag laser. The actual data for these 428 ray traces is
in Aprendix B pages 67 to 134. It is interesting to compare the results obtained
in this investigation to Marini and Murray's results (Table 1). At an elevation

angle of 10° the standard deviation of RT3-RT1 is 287 centimeters. Marini and

Murray calculated the standard deviation of the difference between their formula and

s
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ray tracing through a spherically symmetric profile (RTl-MH) to be only .49
centimeters at E = 10°,The standard deviations of RT3-RT1 obtained In this
investigation are larger than Marini and Murray's standard deviations of
RII-HH by almost a factor of 10 at elevation angles of 20°, 400, and 80°.
The distributions in Figures 25, 26, 27, and 28 were calculated from the
same data used for the histograms (N = 428). The percentage of RT3-RT1 values
greater than a value can be found from these distributions. The dashed line
represents a thecvetical Gaussian distribution with zero mean and standard
deviation equal to the standard deviation calculated at each elevation angle.
Notice t} .: 84X of the RTB-RTI values at E = 10° were greater than Marini
and Murray's standard deviation at 10°. The other elevation angles calculated
also had high percentages greater than Marini and Murray's standard deviation
(85% @ E = 20°, 852 2 E = 40°, 91% @ E = 80°).

The spherically symmetric rerractivity ray traces which we evaluated were
also compared to Marini and Murray's formula, MM. Table 2 summarizes these
resulte along with the results obtained for RT_-RT, and RT_,-MM. For our

3771 3
data the mean values of RT. -MM at different elevation angles are much larger

1
than Marini and Murray's data (summarized in Table 1). We beiieve this can
be partially accounted for by the fact that our radiosonde data wes taken
only during January and February of 1570 and in only one locality, the
Washington, D. C. area. Marini and Murray used data from more than one
locality and over longer periods of time [3]. The standard deviations between
RTl and MM compare very well with Marini and Murray's results. Marini and

Murray's results were obtained for a ruby laser at a wavelength of 694 nano-

meters. To obtair the mean between RT, and MM the means of RT_,~RT, and RT,-MM

3 3771 1
can just be added. The standard deviation of RT3-MM can be found from the
standard deviations of RT3-RT1 and RTl-MM by assuming these values are
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TABLE 2

SUMMARY OF RT,-MM, RT.-RT,, AND RT_-MM RESULTS

1 3 3 -
RII-HH RI3—RT1 RTJ—HH
N=51 N=428 N=428 -,
Standard Standard Standard i %
Mean | Deviation Mean | Deviation Mean } Deviation i
E (cm) (cm) (cm) (cm) (cm) (cm) ¢
80 .10 .06 -.05 YA .05 .44
40 .15 .09 -.06 .63 .09 .64
20 .37 .18 -.07 1.16 .30 1.17
10 .69 .49 -.01 2.87 .68 2.91

A = 530 nanometers 1

statistically indepeL sing the abbreviation STD for standavd deviation

equation (5-1) results. }

T
STD(RT3-MM) = (STDZ(RT3-RT1) + S'mz(Ml-MM))’2 (5-1)

P

Equation (5-1) was used to calculate standard deviations of RT3-MM in Table 2.
We believe that Marini and Murray's results are valid when the refractivity
is spherically symmetric. Saastamoinen [l1] estimated that the departure of
the atmosphere for spherical symmetry would introduce at most 1 teo 2 centimeters
error into the range correction formula at 10° elevation. However our data for
10° elevation (Figure 26) indicates that 687 of the values (errors introduced
by nonsymmetrical refractivity profile) are greater than 1 centimeter and 38%
are greater than 2 centimeters.

The dependence of RT_~RT

31

sample (N=42) of ray traces at 530 and 353 nanometers. The wavelength for i

on wavelength was examined by comparing a small

the tripled Yag laser is 353 nanometers. The data obtained from this wavelength

comparison is in Appendix B, pages 135to 144 . Notice from equation (2-3)
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that group refractivity is inversely related to wavelength. Figures 29, 30,
31, 32, and 33 are plots of this comparison. The difference between the two
frequencies is small when nr3-n'rl is small (Figure 33) and 1. when RT3-RT1
is large (Figure 30). Notice though, that the value of |n'r3—1rr1l at a lower
wavelength is always greater than at a higher wavelength. This is expected
since the refractivity increases with decreasing wavelength (equation 2-3).

Figure 33 gives a good illustration of this fact. The results of frequency

dependence are summarized in Table 3.

TABLE 3

WAVELENGTH COMPARISON OF RT3-RT1

RT3 - RTl RT3 - RTl
N = 42 N = 42
A = 353 nanometers A = 530 nanometers
Standard Standard

E Mean (cm) Deviation (cm) Mean (cm) Deviation (cm)
80 -025 042 -.23 .39
40 -.22 .63 .20 .58
20 .02 1.29 .02 1.12
10 1.32 2.55 1.23 2.35 N
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Figure 31. Comparison of RT3-RT; at A = 353 and 530 nanometers.

E = 10°. Laser site = 58. Aux. sites = 52 and 55.

Time = 17:30. Date = 1/19/70.
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6. ACCURACY OF RADIOSONDE BALLOON DATA

The results in Sections 4 and 5 indicate that the asymmetries in atmos-
pheric refractivity can introduce substantial error into the surface
correction formulas. This is true even though the asymmetries appear to be
small. The variations in refractivity at a given height measured by the three
radiosondes along the balloon trajectories and directly above the release
sites are only on the order of 1 to 2 percent (Figures 7, 8, 10, and 11).
Measured pressure differences are typically a few millibars and temperature
differences are typically two degrees or less. These small differences
are not substantially greater than the accuracy of the radiosonde measure-
ments. The question then arises, "Are the effects we observed in Sections 4
and 5 due to actual asymmetries in the atmosphere or are they caused by errors
in the radiosonde measurements?' To answer this question we introduced ran 'om
errors into some selected samples of the .adiosonde data and observed the
effects on the one-dimensional and three~dimensional ray trace results.

Typical radiosonde measurement errors [5] are summarized in Table 4.
These errors were introduced by adding statistically independent random
numbers to the radiosonde measurements. The random numbers were Gaussian
distributed with a zero mean and standard deviation equal to the root mean
square error of the corresponding measurement. The temperature error had
a standard deviation of .7 (OC). The pressure error had a standard deviation
which was a function of height (Example from Table 4: height = 35,000 feet
then the standard deviation = 1 (mb.)). The relative humidity standard
deviation was a function of temperature. If the temperature was below -40 °c
a standard deviation of 10 (%) was assumed. The temperature and pressure
errors were just added to each measurement, while the relative humidity

error was a percentage error. This procedure of calculating the random errors
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TABLE 4

STANDARD ACCURACIES OF RADIOSONDE BALLOON MEASUREMENTS [5]

Accuracy
Paramete~ Operating Range (Root Mean Square)
Temperature Surface - 120,000 feet 0.7 %
Relative T > 0°C 5%
Humidity o o
0" >T>-~407¢C 10%
T < -40°¢C Questionable
Pressure Surfuce ~ 10,000 feet .7 mb.
10,000 ~ 20,000 feet 1.0 mb.
20,000 ~ 30,000 feet 1.2 mb.
30,000 - 40,000 feet 1.0 mb.
40,000 - 50,000 feet .7 mb.
‘ 50,000 - 60,000 feet .55 mb.

was done for each measurement. Each Gaussian error calculated was independent
of any other error.

Comparisons were made between ray traces through refractivity profiles
generated by error free data (original radiosonde data) and error data
(Gaussian errors introduced). The error data consisted of two types, one
with pressure only errors, the other with temperature, pressure, and relative
humidity errors. Table 5 summarizes the results obtained from these ray

traces. STD(RT -RTl) was obtained from ray traces through refractivity

3
profiles generated by error free data, while STD(RTS—RT;) was calculated
from ray traces throuagh refractivity profiles generated by error data
(pressure, temperature, and relative humidity errors). The sample size

for these standard deviations was 80. Notice that the ratio of STD(RT3-RT1)

to STD(RT}-RT}) {s 5 at E = 10°. This ratio can be regarded as the effactive
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TABLE 5

RESULTS OBTAINED FROM INVESTIGATION OF TYPICAL ERRORS BEING INTRODUCED INTO RADIOSONDE BALLOON DATA

STANDARD DEVIATION (cm)

{7 - - — £ v.pTY _nT" —RT? - "_nT' _nT" '
uT3 RT (RT3 RTl) (”‘3 RTl) RT3 RT3 RT3 RT3 MM-RT MM RTl R'r1 RTl MM-MM'
E=80° 0.26 0.19 0.24 0.11 0.08 0.07 0.24 0.08
E=40° 0.47 0.23 0.31 0.20 0.11 0.12 0.30 0.12
E=20° 1.09 0.33 0.55 0.27 0.26 0.25 0.44 0.23
E=10° 3.52 0.72 1.05 0.45 0.63 0.71 0.58 0.50
N 80 80 80 40 12 12 12 12

L

RTg 3-dimensional refractivity ray trace with typical errors in pressure, temperature and
relative humidity.

RT§ 3-~-dimensional refractivity ray trace with typical errors in pressure.

RTI Spherically symmet.cic refractivity ray trace with typical errors in pressure, temperature,
and relative humidity.

RTi Spherically symmetric refractivity ray trace with tvpical errors in oressure.

MM" = Marini and Murray's formula correction with typical errors in pressure, temperature, and
relative humidity.

N Sample Size

8%
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"gignal-to-noise ratio" (SNR). This "SNR," though, decreases to 1.38 @Q £ = 80°.

The standard “eviations of RT -RTg and RT3-RT§ wer2 calculated to examine

3

vhat percentage of the change ... ray traces was caused by pressure errors.
The indications are that errors in pressure can account for approximately 50%

The standard deviation of MM~RT., is approxi-

of the total change ia ray traces. 1

mately equal to STD(MM"-RT'). This means Marini and Murray's formula is

1
somewhat self-compensating when random errors aie introduced inte the radiosonde

measurements. It is interesting to compare the standard deviations of RTl-RTl

—_nrT!"
and RT3 RT3.

STD(RTl- T;). This can be accounted for by the fact that for RT; random

At an elevation angle of 10° STD(RT3—RT;) is greate: than

errors were introduced into three balloon releases which were then used to
calculate the refractivity along the ray path, while the refractivity along

the ray path for RT; was calculated using cnly one. At 80° STD(RT3—RT;) is

equal to STD(RTI- T;) because the refractivity is primarily a function of the

refractivity measure( by the balloon released from the laser site. The standard

deviation of MM-MM" represents the magnitude of the error introduced into

Marini and Murray's formula by surface measurement errors. It is interesting

to note that STD(MM-MM") is approximately equal to STD(MM—RTl) at each eleva-
tion angle. Figures 34 through 39 are graphs of RT3—RT1, RT%—RT; versus

azimuth. The "SNR" is similar between Figures 34 and 35. Notice how RT%-RT”

varies around RT3-RT1 in Figure 39.

At an elevation angle of 10° the change in the ray trace results caused by

errors in radiosonde data (STD(RT%—RTK))iS only 20% of the total range correction

error (SID{RT —RTL)). These results indicate that Gaussi ‘i errors in radiosonde

3

measurements are not the primary source of the refractivitv yradients which

were observed in Sections &4 and 5.

' ,,;,‘;\
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Figure 34. Plots of RT3-RT) without random errors ( ), with pressure
errors (- - ~), and with pressure, tempe ture, and relative
humidity errors (-+-¢-), E = 10°, Laser site = 56.
Aux. sites = 52 and 54. Time = 23:30. Date = 1/21/70.
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Figure 35. Plots of RT3—RTl without random errors ( ), with pressure
errors (-~ - ~), and with pressure, temperature, and relative
humidity errors (-+~¢-). E = 10°. Laser site = 52, =
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RTy = RT, ——
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RTy =R ===
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AZIMUTH
Figure 36. Plots of RT3-RT; without random errors ( ), with pressure

errors (- - =), and with pressure, temperature, and relative
humidity errors (-+-+-). E = 20°, Laser site = 56.
Aux. sites = 52 and 54. Time = 23:30. Date = 1/21/70.
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Figure 37. Plous of RT3-RT] without random errors ( ), with pressure
i errors (- - -), and with pressure, temperature, and relative
humidity errors (-.-.-), E = 20°, Laser site = 52,
. Aux. sites = 55 and 56. Time = 23:30. Date = 1/21/70.
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Figure 38. Plots of RT3-RT1 without random errors ( ), with pressure
errors (- - =), and with pressure, temperature, and relative
humidity errors (-.-.-). E = 40°, Laser site = 52.
Aux. sites = 55 and 56. Time = 23:30. Date = 1/21/70.

vS




L B b O G R gy

cm

B it

025 T T T T T T T T T T T T
= , -
RE-RW -
" n
RTy ~RT ——
s e e e - e w— - -~ - -
~s-~, —
ol25 e — — S~ -
\\ ' / 2 1) \
- —
E=80"
0 L i | | i i ] 1 1 i 1 1
120° 130° 140° 150° 160° i70° 180° 190°
AZIMUTH
Figure 39. Plots of RT3-RT; without random errors ( ), with pressure

errors (- - -), and with pressure, temperature, and relative
humidity errors (--.- ). E = 80°, Laser site = 52,
Aux. sites = 55 and 56. Time = 23:30, Date = 1/21/70.
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7. SURFACE CORRECTION FORMULA
In this section a surface correction formula will be developed to

partially compensate for the asymmetries in the refractivity. Using Figure
40, formula (7-1) can be obtained for the refractivity at any value of h and
a. Figure 40 is on page 57. This formula for group refractivity assumes
refractivity varies linearly in the horizontal direction

N (h) = N (h)("—“) +8 s a-1)

g 8 v g, ¥

where y is the angular separation between the two sites, and Ngi (h) and
NgZ (h) are the group refractivities directly above their respective sites.
Using Figure 41 and approximating 8 by E and v by 900, the chord distance

between the two surrace points can be calculated. Assuming the chord distance

Figure 41. Geometry for approximations made.
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is equivalent to the arc distance, a can be approximated by h/(rJ‘tﬂn E).

Applying this approximation =nd rearranging terms simplifies (7-1) to

N () -N (h)
8 8 h )
Ng(h) = N, (0) + n . [‘o ] (7-2)

where

r, = nominal earth radius = 6378 km .

0

Equation (7-2) for group refractivity can now be substituted into fategral
(2-8) to obtain

r N () - N (r)'] r. N ()
1 . f‘z 8) ey

-6
tan E| ¥ sin 0 Jd'+1° It sin 6
0

dr

%o

dr
- R (7-3)
‘o
Notice that the last two terms are just the integrals which Marini and Murray
evaluated to obtain their correction form:la for site 1, MMl. The first term

i8 an error term which compensates for linear variations in refractivity in

the horizontal direction., Thus we can write

N

m‘f' r Ngz(r) r 81(r) ‘

OB« T ta E / sing T 4" / cin @ © [ *My . (7=
9 w ro to

Using Snell's Law {3] and expanding in inverse powers of sin(eo) gives

N_(r) -6 -6
-6 r & . 4ra-20 o1 10
107 [ gne T 9t oL 5 [ o (@) dn 3, \ T fhzﬂg(h) dh
0

- 10712 hN_ (h) [Ny - N(B)] db (7-5)

where
h=ry-1r .
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N is the phase refractivity, and is given at optical frequencies [3] by

3

N=77.6% |1+ 1'—5—2;—’2‘—L (7-6)
An approximate evaluation of the first term of the expansion in equation (7-5) E -
was calculated by Marini and Murray [3] ? "
‘
1076 [ BN () dh = £Q\) £ (1.084 x 107%) B T K 7-7)

where F T,, and K are as defined in an earlier section. The remaining

0’ o’
terms of the expansion will be neglected since their contribution is only a
small percentage of the final correction (millimeters compared to centimeters).

Combining Equations (7-4), (7-5) and (7-7} gives

£(A)(1.084 x 10'8)
v tan E sin E

AR = MM1+

(PZTZ.\Z - Plrlxl) (7-8)

where MNI is the Marini and Murray correction for site 1 (equation (2-9))

and P1T1K1 and P2T2K2 are a function of the surface measurements at sites 1
and 2 respectively. These measurements are taken at identical heights above
sea level. The fact that eo can be approximated by E was also used in

equation (78). Noting that y = d/ro, where d is the arc distance between

the two sites, Equation (7~8) becomes

C

AR =M+ 790 E sin E (7-9)
where -8, r
- f(A)(1.084 x 10 ) 0 _ .
o] 4 — (P2T2K2 Pllel) .
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Formula (7-9) was used to correct a small number (N=10) of laser ranging

measurements. This was done by selecting the azimuth angle for RT, so that

3
the laser beam propagated directly over one of the other release sites. The
first two radiosonde data points of this site were used to interpolate the
pressure, temperature, and relative humidity at the same height as the laser
site. In all cases the height of the laser site was greater than the remaining
two release sites. These values were used to calculate P2T2K2 in formula
(7-8). P1T1K1 was calculated from the first radiosonde data point of the
balloon released from the laser site. The stancard deviation of the difference
between Marini and Murray's formula and RT3 was 2.43 cm and the mean was .31 cm
for the 10 ray traces. When equation (7-9) was used the standard deviation

was reduced to .69 cm and the mean was .27 cm. An elevation angle of 10° was
used because the error in Marini and Murray's formula is largest at this

angle. Figure 42 is a graph of C/(sinE : tanE) with the circles denoting the
values obtained at different elevation angles by ray tracing through a three-
dimensional refractivity profile. The constant C was calculated so that at
E=10° the curve C/(sinE - tanE) matched the first data point. C was not
calculated from equation (7-9) because a second set of surface measurements

at a point beneath the laser beam trajectory was not available. The close
match between the theoretical curve and the ray trace data points indicates

that theerror closely follows the 1/(sinE - tanE) derendence predicted by

the theory.
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8. CONCLUSIONS

Numerous correction formulas have been developed to compensate laser
ranging data for atmospheric refraction. The formulas developed by Saastamoinen
(1) and Marini (2) are particularly convenient for use in correcting satellite
tracking data because they use surface measurements of pressure, temperature
and humidity to derive the range correction. The formulas were derived by
assuming that the refractive index profile in the atmosphere is sgherically
symmetric.

We have investigated the accuracy of Marini's formrla by comparing it
with corractions obtained by ray-tracing through 3-dimensional refractivity
profiles. The 3-dimensional profiles werz generated using measurements
obtained from radiosonde balloons which were released simultaneously from
three separate locations around tte ranging site. The refractivity was assumed
to vary linearly in the horizontal direction. Also, the ray tracing method was
based in part on the hydrostatic equation because the heights which appear in
the radiosonde profiles were calculated from the measured pressures, temperatures
and relative humidities using the hydrostatic equation. Our results indicate
that the departure of the refractivity profiles from spherical symmetry introduces
approximately 3 centimeters error into Marini's correction formula at 10°
elevation. The error decreases to a few millimeters near zenith. For a given
3~dimensional profile, the error is a function of azimuth and elevation angles
and can vary over a range of more than 5 centimeters for a 90° change in
azimuth. The error decreases as the wavelength of the laser is increased.

A surface correction formula which compensates for horizontal variations
in refractivity has been developed. The formula requircs the pressure,
temperature and relative humidity at the laser site and at a second location
beneath the laser beam traiectory. Although the formula has been tested on

only a small sample of data, the results are encouraging.
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APPENDIX A

RAY TRACING PROGRAM

The first step in the ray tracing program is to read the three sets
of radiosonde measuremei:ts. The measurements are used to gererate three
tables of pressure, *remperature and relative humidity at fixed altitudes
along the balloon trajectories. Since the altitudes at whiclh the radiosonde
measurements were obtained will in general be different from the fixed
altitudes and different for each balloon release, the pressure, temperature
and relative humidity at the fixed altitudas must be interpolated. The
interpolation procedure is discussed in detail in Section 3. Next the phase
and group refractivity at t'.. fixed altitudes along each balloon trajectory
are calculated. The phase and group refractivities along the ray path are
then calculated using the interpolating formula (3-3) and equation (3-4).
The co-latitude and longitude of the rav at the fixed altitude are determined
by assuming the ray path is a straight line. At 10o elevation and above,
the error introduced by this assumption is negligible. The group and phase
refractivities at the fixed altitudes along the ray path are passed to the
ray tracing prugram which calculates range (R13), range correction and 80
(see Figure 1). The value of eo is used in Marini and Murray's formula.
RT1 is calculated using only the measurements obtained by the balloon which
was released from the laser site, The Thayer method ray tracing program
which was used by harini and Murray [3] was also used to obtain our results.
Therefore, our procedure for calculating RT1 is the same as Marini and
Murray's. Initially, a more complex ray tracing program which required the
8 and ¢ refractivity gradients was used to calculate the range correction.
However, the results werc not substantially different from those obtained
from the simpler and faster Thayer method program. A flowchart of the ray-

tracing procedure is illustrated in Figure 43.
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READ IN THREE RADIOSONDES, WAVELENGTH,
ELEVATION (E), BEGINNING (£,) AND
FINAL (£,) AZIMUTH.
SURFACE CREATE THREE
| MEASUREMEITTS TABLES | LAz = ¢
B 1
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:

HEIGHTS

USE THREE TABLES TO CALCULATE
REFRACTIVITY AT STANDARD

ALONG RAY PATH

L1

USE ONE TABLE TU CALCULATE

HEIGHTS ALONG RAY PATH.

CALL RAY TRACE
PROGRAM
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CALL RAY TRACE RT
PROGRAM

MARINI AND 7MURRAY' S

FORMULA

' l | RT_‘“ Dt ]
RT~MM

K

AZ = AZ +10°

Figure 43. Flow chart of iy tracing procedure.
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. APPENDIX B
1 RAY TRACE RESULTS
: -
‘ The results of the ray traces through the three-dimensional and spherically % }

.

symmetric refractivity profiles are listed on pages 67 through 144. Sheet 1

¥

"""' i

of the data summary lists the radiosonde parameters for each set of three

¥,

balloon releases. The parameters include the release date and time and the

-

altitude, azimuth argle, elevation angle and range of the balloon when the

last measurement was taken. The ray trace parameters are listed on sheets

Wk i WA | e et Sl 5 e

2, 3 and 4. RT3-RT1 ig the difference between the three-dimensional and

spherically symmetric refractivity ray traces. MM in the correction cbtained 2 5

§ rus R

from Marini and Murray's formula, eq. (2-9). m-RTl is the difference between
Marini and Murray's formula and the ray trace through the spherically symmetric ;
3 are from the beginning azimuth il to :
the final azimuth £2 ir 10° increments. Table 6 is used to calculate El and

profile. Azimuth selections for RT

52 as explained in Section 5. The arc distance between releasc sites can be

obtained from Table 7.
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TABLE 6

AZIMUTH ANGLES BETWEEN RELEASE SITES

Release Release Sites
Sites
51 52 s3 | s4 | ss 56 | 57 58
51 xx | 239° | 133° | 193° | 228° | 205° | 178° | 161° - -
52 n° xx 85° | 135° | 223° | 177° | 156° | 130° k
53 313° | 265° xx | 229° | 243° | 224° | 197° | 179° ‘
54 13° | 215° 49° | xx | 259° | 215° | 172° | 114°
55 48° 43° 63° | 79° | xx | 135° | 126° | 95°
56 35° | 357° | 46® | 35° | 315° | xx | 118° | 75°
57 2° | 366° | 17°] 352° | 306° | 298° | xx | 41°
58 314° | 310° | 359° | 294° | 275° | 255° | 229° | xx

TABLE 7

ARC DISTANCE BETWEEN RELEASE SITES (KILOMETERS)

Release Release Sites
Sites
51 52 53 54 55 56 57 58

51 xx 130.49 79.97 | 159.94 | 242.02 | 256.76 | 284.95 } 202.03
52 130.49 xx 181.00 | 101.03 | 119.95 | 189.40 | 248.33 | 220.98
53 79.97 | 181.00 xx 138.07 | 242.02 | 256.76 | 258.85 | 143.10
54 159.94 | 101,03 | 138.07 xx 145.22 | 119.95 ] 151.53 | 159.11
55 242.02 | 119.95 | 242.02 § 145.22 xX 99.75 | 199.94 | 248.33
56 256.76 | 189.40 | 256.76 | 119.95 99.75 XX 105.23 | 180.57
57 284.95 | «.0.33 | 258.85 | 151.53 | 199.94 | 105.23 XX 130.49
58 202.03 220.98 | 143.10 | 159.11 |} 248.33 | 180.57 | 13).49 xx

B R L L o - - s
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DATA SUMMARY
Sheet 1: [adiosonde Parameters
Release Date ___1L§_0/_70___
STATION STATION STATION
’ 52 55 56
RELEASE . . .
TIME 21:30 21:30 21:30
ALTITUDE 15.9 16.1 13.1
(km)
AZIMUTH 76.7 82.4 73.0
ELEVATION 7.5 7.1 6.5
RANGE
. . 118.4
(kn) 121.4 129.4

,
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DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN s2 RELEASE DATE 1/30/70 TIME 2):30
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) _530
ELEVATION
10° 20° 40° 80°
AZIMUTH
150 -4.23 -2.20 -1.17 -.76
160 -5.16 -2.47 -1.23 -.76
170 -6.04 -2.73 -1.30 -.77
180 -6.86 -2.97 -1.36 -.77
190 -6.04 -2.73 -1.30 -.77
RTI-R'I'3
(cm) 200 -5.16 -2.47 -1.23 -.76
210 -4,23 -2.20 -1.18 -.76
220 -3.28 -1.93 -1.10 -.75
M
SITE STN (m) 13.59 7.04 3.77 2.46
b _52
MM-RT
1 0.43 0.39 0.18 0.12
(cm)

©mEm et e e eiae s
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DATA SUMMARY

Sheet 3: Rav Trace Parameters

SITE STN S5 RELEASE DATE 1/30/70 TIME 21:30

/
. SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530
ELEVATION
] 10° 20° 40° 80°
- AZIMUTH
g
! 40 1.26 -.66 -.82 -.75
" 50 1.44 -.60 -.80 -.75
60 1.45 -.60 -.80 -.74
70 1.31 -.64 -.81 -.75
80 1.00 -.73 -.83 -.75
RT -RT;
(cm) 90 0.54 -.86 -.86 -.75
100 -.06 -1.03 -.90 -.76
110 -.78 -1.24 -.95 -.76
MM
SITE STN (m) 13.57 7.04 3.76 2.46
¥ _55
MM-RT
1 0.20 0.35 0.17 0.12
(cm)
|
%
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DATA SUMMARY
Sheet 4: Ray Trace Parameters
SITE SIN 56 RELEASE DATE 1/30/70 TIME 21:30
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530
ELEVATION
10° 20° a0° 80°
AZIMUTH
300 0.30 -.90 -.97 -.84
310 0.89 -.90 -.97 -.84
320 0.73 -.95 -.98 -.84
330 0.40 -1.05 -1.00 -.84
340 -.08 -1.19 -1.04 -.85
RT, -RT,
(cm) 350 -.69 -1.37 -1.08 -.85
360 -1.14 -1.59 -1.13 -.85
370 -.69 -1.37 -1.08 -.85
SITE STN MM 13.56 7.03 3.76 2.46
(m)
B 26
MM-RT
1 0.78 0.57 0.27 0.19
(cm)
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 1/27/70
STATION STATION STATION
’ 52 55 58
RELEASE
TIME 2:30 2:30 2:30
ALTITUDE 15.4 15.9 16.0
(km)
AZIMUTH 86.6 93.5 84 °
ELEVATION 7.8 7.0 10.3
RANGL 113.6 130.6 90.0
(km)

71
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DATA SUMMARY

Sheet 2: Ray Trace Parameters

SITE STN _ 52 RELEASE DATE 1/27/70 TIME 2:30

SITE ALTITUDE (m) 140  WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
130 -.88 -.44 -.24 -.17
140 -1.05 -.49 -.25 -.17
150 -1.21 -.53 -.26 -.17
160 -1.35 -.57 -.27 -.18
170 -1.43 -.61 -.28 -.18
RT,-RT;
(cm) 180 -1.60 -.64 -.28 -.18
190 -1.48 -.61 -.28 -.18
200 -1.35 -.57 -.27 -.18
3 MM
: SITE STN (m) 13.53 7.02 3.75 2.45
b _82
MM -RT
1 -.10 0.13 0.05 0.04
(cm)

bbb o



Sheet 3:

SITE STN

55

DATA_SUMMARY

Ray Trace Parameters

RELEASE DATE 1/27/70 TIME 2:30

SITE ALTITUDE (m) 140

WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
20 0.29 -.10 -.13 -.10
30 0.33 -.09 -.12 -.10
40 0.33 -.09 -.12 -.10
50 0.31 -.09 -.12 -.10
60 0.26 -.10 -.13 -.10
RT, -RT,
(cm) 70 0.18 -.12 -.13 -.10
80 0.07 -.14 -.14 -.10
90 -.05 -.18 -.14 -.10
SITE STN W 13.51 7.01 3.75 2.45
(m)
# 55
MM-RT
1 -.11 0.17 0.07 0.04
{cm)
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DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN _ 58 RELEASE DATE 1/27/70 TIME 2:30

SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
270 -.06 -.18 -.15 -.13
280 0.07 -.15 -.14 -.13
290 0.17 -.12 -.13 -.13
300 0.25 -.10 -.13 -.13
310 0.31 -.09 -.13 -.13
RT,-RT,
(cm) 320 0.33 -.09 -.13 -.13
330 0.33 -.09 -.13 -.13
340 0.29 -.10 -.13 -.13
MM
SITE STN (m) 13.50 7.00 3.75 2.45
# S8
MM-RT, -.05 0.16 0.06 0.05
(cm)

o
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

15

Release Date 1/21/70 )
STATION STATION STATION
4 52 54 56
RELEASE
TIME 231:32 21:47 21:34
ALTITUDE
5. . 2.
(km) 15.9 13.2 12.6
AZIMUTH 106.1 104.3 96.9
ELEVATION 7.2 6.4 5.1
RANGE 5
‘ 27.1 119.1 142.1
(km) !

et ik O U
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DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN 52 RELEASE DATE 1/21/70 TIME _21:32
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
10° 20° 40° 80°
120 -.39 0.08 0.12 0.13
130 -.81 -.05 0.09 0.13
140 -1.17 -.15 0.07 0.13
150 -1.49 -.25 0.04 0.12
160 -1.74 -.33 0.02 0.12
RT,-RT
1773
(cm) 170 -1.91 -.38 0.01 0.12
180 -2.01 -.41 0.00 0.12
190 -1.91 -.38 0.01 0.12
MM
SITE STN (m 13.78 7.14 3.82 2.49
#_s2
MM-RT
1 0.76 0.46 0.20 0.12
(em)

76



‘E‘t

o e

A R FOY, St i+

rar

N

. O TR P
, M' maen Ll

DATA SUMMARY
Sheet 3: Ray Trace Parameters
SITE STN 54 RELEASE DATE 1/21/70 TIME 21:47
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
230 -.71 0.00 0.12 0.15
240 -.30 0.12 0.15 0.15
250 0.15 0..5 N 16
260 0.62 0.39 V.l ¢
270 1.09 0.52 V.24 Uy _
RT,-RT e
1773
(cm) 280 1.56 0.65 0.28 0.17
290 2.00 0.78 0.31 0.17
300 2.40 0.89 0.33 0.17
310 2.76 0.99 0.36 0.18
MM
SITE STN (m) 13.76 7.13 3.81 2.49
# 54
— MM-RT
1 1.29 0.68 0.31 0.19
(cm)
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DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN 56 RELEASE DATE 1/21/70 TIME 21:34

SITE ALTITUDE (m) 85 #w*VE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH ‘%F
340 3.09 0.97 0.29 0.08
350 3.17 0.98 0.29 0.08
_360 3.15 0.97 0.29 0.08
370 3.17 0.98 0.29 0.08
380 3.00 0.97 0.29 0.08
RT, -R1
1 )
(cm) 390 2.94 0.93 0.28 0.08
400 2.72 0.88 0.27 0.08
410 2.42 0.80 0.25 0.07
. MM
SITE <IN (m) 13.76 7.13 3.81 2.49
11 56
MM-RT) 1.31 0.73 0.34 0.23
(cm)

78



DATA SUMMARY

Sheet 1: Radiosonde Parameters

Reclease Date __3121!2![___
STATION STATICON STATION
* 52 54 56
RELEASE I I
TIME 23:30 23:35 23:31
ALTITUDE 15.9 12.9 15.2
(km)
AZIMUTH 107 .4 105.4 99.3
ELEVATION 7.7 4.9 6.3
RANGF
e 149.4 120.4
(km) 118

79
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DATA SUMMARY

Sheet z: Ray Trace Parameters

SITE STN 52 RELEASE DATE 1/21/70 TIME 23:36

SITE ALTITUDE (m) 85

WAVE LENGTH (nm) 530

%vnmu
1,° 20° 40° 20°
AZIMUTH
120 1 0.65 1 0.53 | 0,30 | 0,21
130 1 0,25 | 0,34 _0.26 0.21
140 -.56 0.16 0.22 0.2
150 -1.10 0.00 0.17 0.20
160 -1.56 -.14 0.14 0.20
RT, -RT,
170 -1.94 -.27 0.11 0.20
(cm)
180 -2.22 -.36 0.08 0.20
190 -1.94 .27 0.11 0.20
SITE STN :.‘) 13 80 7.14 3.82 2,50
4 52
M4-RT, | 0.94 0.4y 0.21 0.13
(cm)

§ &
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DATA SUMMARY

Sheet 3: Ray Trace Parameters
SITE STN 54 RELEASE DATE 1/21/70 TIME 23:35

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

Euavnmul
10° 20° 40° 0°
AZIMUTH
230 0.64 0.65 0.43 0.29
240 1.28 0.34 0.47 0.30
250 1.93 1.03 0.52 0.30
260 2.58 1.22 0.56 0.31
270 3.20 1.39 0.60 0.31
RT,-RT
1773
(cm) 280 3.79 1.56 0.64 0.31
290 4.32 1.70 0.68 0.32
300 4.77 1.82 0.71 | 0.32
310 5.14 1.91 0.73 0.32
o -
SITE ST\ MW 13.78 7.13 3.82 2.49
(m)
#_54
MM-RT
1 1.51 0.72 0.32 0.22
{um) N
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DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN 56

RELEASE DATE 1/21/70 TIME 23:31

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
340 4.95 1.66 0.56 0.23
350 4.88 1.62 0.55 0.23
360 4.71 1.56 0.53 0.22
370 4.88 1.62 0.55 | 0.23
380 4.95 1.66 0.56 0.23
RT. -RT
173
(cm) 390 4.89 1.66 0.56 0.23
400 4.73 1.62 0.55 0.23
410 4.46 1.52 0.53 0.23
MM
SITE STN (m) 13.79 7.14 3.82 2.50
s [
— -RT
MM-RT, 1.46 0.64 0.27 0.17
(cm)

»



DATA SUMMARY
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Sheet 1: Radiosonde Parameters

Release Date 2/13/70

STATION STATION STATION
¥ 52 56 53
RELEASE ) iz -
TIME 19:30 19:30 19:30
ALTITUDE
(kn) 15.1 13.2 15.8
AZIMUTH 87.6 83.5 85.6
ELEVATION 6.6 6.2 5.4
RANGE
31. 22.2 167.9
(km) 131.4 1

.
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Sheet 2:

DATA SUMMARY

SITE STN 52

Ray Trace Parameters

RELEASE DATE 2/13/70

SITE ALTITUDE (m) _85

TIME 19: 30

WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
90 0.25 -.23 -.26 -.22
100 -.38 -.41 -.30 -.23
110 -1.04 -.59 -.34 -.23
120 -1.70 -.77 -.38 -.23
130 -2.35 -.95 -.43 -.24
RT -RT.
) 140 -2.96 -1.12 -.47 -.24
(cm)
150 -3.52 -1.28 -.51 -.25
160 -4.00 -1.41 -.54 -.25
170 -4.41 -1.53 -.57 -.25
SITE STN ?’4 13.67 7.08 3.79 2.48
m
¢ 52
MM -RT
1 0.57 0.40 0.18 0.12
(cm)
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DATA SUMMARY

Sheet 3: Ray Trace Parameters

SITE STN 53 RELEASE DATE 2/13/70  TIME 19:30

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
200 -4.56 | -1.71 -.70 -.35
210 -4.07 -1.57 -.67 -.35
220 -3.52 | -1.42 -.63 -.35
230 -2.90 | -1.24 -.59 -.34
240 -2.25 -1.0€ -.54 -.34
RT, -RT,
(ca) 250 -1.58 -.88 -.50 -.33
260 -.92 -.70 -.46 -.33
270 -.28 -.52 -.42 -.32
280 0.31 -.36 -.38 -.32
MM
SITE STN | (0 13.63 7.07 3.78 2.47
# 53
MM-RT, 0.52 0.3 | 0.16 0.09
(Cm) N 1
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DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN 56 RELEASE DATE 2/13/70  TIME 19:30

SITE ALTITUDE (m) 85 . WAVE LENGTH (nm) 530
ELEVATION
17° 20° 40° 80°
340 2.43 0.28 -.18 -.25
350 2.35 0.25 -.18 -.25
0 2.16 0.19 -.20 -.26
10 2.35 0.25 -.18 -.25
20 2.43 0.28 -.17 -.25
RT -RTg
(cm) 30 2.39 0.27 -.18 -.25
40 2.24 0.24 -.18 -.26
50 1.98 0.17 -.20 -.26
60 1.61 0.07" -.22 -.26
W
SITE STN () 13.64 7.08 3.79 2.47
Y
R
MM-RT) 0.43 0.46 0.22 0.15
{cm)
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DATA SUMMARY
Sheet 1: Radiosonde Parameters
Release Date 1/20/70
STATION STATION STATION
4 52 56 58
RELEASE
TIME 19:29 19:32 19:38
ALTITUDE
(km) 16.0 13.5 16.6
AZIMUTH 69.8 70.3 69.0
ELEVATION 7.8 7.8 8.0
RANGE 118.3 100.2 119.0
(km)
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DATA SUMMARY

88

I R

Sheet 2: Ray Trace Parameters
SITE STN 52 RELEASE DATE 1/20/70 TIME _19:29

SITE ALTITUDE (m) 85 WAVE LENGTH (nu, _530Q

P

.

ELEVATION
10° 20° 40° 80°
AZIMUTH
130 -2.92 -1.37 -.67 -.41
140 -3.27 -1.46 -.69 -.41
150 -3.58 -1.55 -.71 -.41
160 -3.85 -1.62 -.73 -.41
170 -4.08 -1.67 -.74 -.42
RT, -RT,
(cm) 180 -4.24 -1.71 -.75 -.42
190 -4.08 -1.67 -.74 -.42
200 -3.85 -1.62 -.73 -.41
210 -3.58 -1.55 -.71 -.41
MM
SITE STN (m) 13.60 7.04 3.77 2.46
#_S2
MM-RT
1 0.89 0.37 0.14 0.09
(cm)
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DATA SUMMARY

Sheet 3: Ray Trace Parameters

SITE STN _s¢  RELEASE DATE 3/20/70 TIME 1g.32

T et e

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) _530
[N ELEvaTION

10° 20° 40° 80°

AZIMUTH
0 0.02 -.52 -.45 -.37
10 0.12 -.49 -.44 -.36
20 0.15 -.49 -.44 -.36
30 0.12 -.51 -.45 -.36
40 0.02 -.54 -.46 -.36

RT, -RT
50 -.15 -.59 -.47 -.36
(cm)

60 -.37 -.65 -.48 -.37
70 -.65 -.73 -.50 -.37
80 -.97 -.82 -.52 -.37

MM
SITE STN (m) 13.62 7.00 3.78 2.47

B 36

MM -RT
1 1.25 0.48 0.18 0.11

(cm)




.

wES A

& e —

DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN 58 RELEASE DATE 1/20/70  TIME 19:38

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
10° 20° 40° 80°
260 -1.83 -1.10 -.61 -.40
270 -1.45 -.99 -.58 -.40
280 -1.10 -.89 -.56 -.39
290 -.77 -.80 -.54 -.39
300 -.50 -.72 -.52 -.39
RT,-RT,
(cm) 310 -.27 -.66 -.50 -.39
32V -.10 -.61 -.49 -.39
330 -.00 -.57 -.48 -.39
MM
SITE STN (m) 13.62 7.06 3.77 2.47
# 58
-RT
MM-RT) 0.66 0.24 0.06 0.02
(cm)
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Sheet 1:

Release Date 1(15(70

DATA SUMMARY

Radiosonde Parameters

STATION STATION STATION
* 52 54 56
Rﬁ%ﬁ&fs 17:32 132 17: 30
ALIiiéDE 15.9 16.0 16.1
AZIMUTH 92.5 93.8 82.2
ELEVATION 10.7 9.7 10.3
R?:gg 85.4 95.4 90.1

91
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DATA SUMMARY

Sheet 2: Ray Trace Parameters

SITE STN 5> RELEASE DATE _ 1/15/70 TIME _}7:32
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
110 -1.15 0.17 0.34 0.33
120 -1.32 0.13 0.33 0.33
130 -1.38 0.11 0.33 0.33
140 -1.35 0.11 0.33 0.33
150 -1.22 0.15 0.33 0.33
RT, -RT,
160 -1.00 0.21 0.35 0.33
(cm)
170 -.69 0.29 0.37 0.34
180 -.31 0.39 0.39 0.33
190 -.69 0.29 0.37 0.34
MM
SITE STN | 1y 13.81 7.16 3.83 2.50
-
MM-RT, 0.76 0.33 0.11 0.07
(cm)

""{



DATA SUMMARY

Sheet 3: Ray Trace Parameters

SITE STN _54 RELEASE DATE }/]5/70

SITE ALTITUDE (m) 85

93

TIME }7.32
WAVE LENGTH (nm) _s30

ELEVATION
10° 20° 40° 80°
AZIMUTH
230 -1.13 0.24 0.39 0.38
240 -1.07 0.25 0.40 0.38
250 -.91 0.30 0.41 0.38
260 -.67 0.37 0.42 0.38
270 -.34 0.46 0.45 0.39
RT,-RT;
280 0.07 0.57 0.47 0.39
(cm) ,
290 0.54 0.70 0.50 0.39
300 1.05 0.84 0.54 0.40
310 1.60 1.00 0.57 0.40
MM
SITE STN (m) 13.81 7.16 3.83 2 50
b 54
MM -RT, 0.63 0.32 0.12 0.07
(cm)
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DATA SUMMARY
Sheet 4: Ray Trace Parameters
SITE SIN 56 RELEASE DATE 1/15/70 TIME 17:30
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
-30 2.25 1.04 0.51 0.31
-20 2.78 1.19 0.54 0.32
-10 3.28 1.32 0.58 0.32
0 3.72 1.45 0.60 0.32
10 3.28 1.32 0.58 0.32
RT,-RT;
(cm) 20 2.78 1.19 0.54 0.32
30 2.25 1.04 0.51 0.31
40 1.69 0.89 0.47 0.31
50 1.13 0.74 0.44 0.31
M
SITE STN (m) 13.80 7.15 3.83 2.50
F_56
WM -RT) 0.58 0.27 .09 .05
(em)
B <
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 1/27/70

STATION

STATION

STATION

52

S5

58

RELEASE
TIME

6:29

6:30

6:35

ALTITUDE
(km)

15.8

13.6

16.0

AZIMUTH

93.8

99.9

92.1

ELEVATION

7.2

6.0

8.3

RANGE
(km)

126.2

130.5

111.4

B
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DATA SUMMARY

Sheet 2: Ray Trace Parameters

- 96

SITE STN _ 52 RELEASE DATE 3}/27/70 TIME _6:29
SITE ALTITUDE (m) ° 140 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
20 2.16 0.65 0.16 0.00
30 1.89 0.57 0.14 -.00
40 1.56 0.47 0.12 0.01
50 1.17 0.35 0.09 0.01
60 0.75 0.22 0.06 0.01
RT, -RT,
(cm) 70 0.31 0.09 0.03 0.01
80 -.15 -.04 -.01 -.01
90 -.60 -.18 -.04 -.01
M .
SITE STN m  |13-55 7.02 3.76 2.46
¥ _52
MM-RT
1 1.25 0.51 0.20 0.13
(cm)
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97

DATA ' SUMMARY

Sheet 3: Ray Trace Parameters

SITE STN s5 RELEASE DATE 1/27/70 TIME 6:30

SITE ALTITUDE (m) 140.  WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°

AZIMUTH

B oy

RT,-RT
(cm)

130 -2.36 -.77 -.23 -.05

140 -2.60 -.84 -.24 ~.06

150 -2.78 -.89 -.26 ~.05

160 -2.89 -.92 -.26 -.06

170 -2.92 -.92 -.26 -.06

180 -2.87 -.91 -.26 -.06

190 -2.91 -.92 -.26 -.06

200 -2.89 -.92 - 2 ~.06

SITE STN

¥ _55

(m) 13.56 7.03 3.76 2.46

-RT
MM-RT) 0.06 0.23 0.10 0.06

(cm)
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Sheet 4:

SITE STN

DATA SUMMARY

58

Ray Trace Parameters

it

RELEASE DATE 1/27/70 TIME 6:35

SITE ALTITUDE (m) 140  WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
270 -.85 -.32 -.12 -.03
280 -.40 -.19 -.09 -.03
290 0.06 =.05 -.05 -.02
300 0.50 0.08 -.02 -.02
310 0592 0'21 0-01 -.02
RT, -RT;
(cm) 320 1.30 0.32 0.04 -.02
330 1.63 0.42 0.06 -.01
340 1.90 0.50 0.08 -.01
M
SITE STN () 13.54 7.02 3.76 2.46
# 58
MRT) | o.n1 0.19 0.07 0.04
(cm)

al
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Sheet 1:

DATA SUMMARY

Release Date

Radiosonde Parameters

1/20/70

STATION

STATION

STATION

52

53

54

RELEASE
TIME

1:30

1:30

1:30

ALTITUDE
(km)

16.0

15.9

13.3

AZIMUTH

73.0

71.7

ELEVATION

6.5

4.4

5.7

RANGE
(km)

140.1

206.9

134.0

j—
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Sheet 2:

SITE STN 52 RELEASE DATE 1/20/70 TIME 1:30

DATA SUMMARY

SITE ALTITUDE (m) 85

Ray Trace Parameters

WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
60 1.53 0.52 0.16 0.06
70 0.61 0.26 0.10 0.05
80 -.31 0.00 0.04 0.05
90 -1.22 -.25 -.02 0.04
100 -2.07 -.49 -.08 0.03
RT,-RT,
110 -2.86 -.72 -.13 0.03
(cm)
120 -3.54 -.91 -.18 0.03
130 -4.11 -1.08 -.22 0.02
140 -4.54 -1.20 -.25 0.02
MM
SITE STN (m 13.71 7.10 3.80 2.48
¥ _52
MM-RT
1 1.21 0.46 0.17 0.11
(cm)

Y
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Sheet 3:

e i —

DATA SUMMARY

SITE STN 53

SITE ALTITUDE (m) 85

Ray Trace Parameters

101

RELEASE DATE 1/20/70 TIMg 1:30

WAVE LENGTH (nm) 530

ELEVATION

AZIMUTH

10°

20

40°

80

RT, -RT

(cm)

210

“4.93

‘1036

-031

-.02

220

"4064

-1.27

-.29

-.02

230

-4.21

-1.15

-'26

-.02

240

'3-65

-~98

-.22

-.01

250

-2.97

-.17

-.01

260

-2.20

’012

-.01

270

'1~34

-.06

-.01

280

'v44

-.00

—000

290

0.48

0.06

0.01

SITE STN
# 53

(m)

13.67

3.79

2.48

MM -RT,
(cm)

1.08

0.17

0.11

e ik
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DATA SUMMARY

Sheet 4: Ray Trace Parameters
SITE STN 54 RELEASE DATE 1/20/70 TIME 1:30

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
-30 3.74 1.08 0.27 0.04
-20 4.35 1.24 0.30 0.04
-10 4.83 1.37 0.34 0.04
0 5.16 1.46 0.36 0.05
10 4.83 1.37 0.34 0.04
k RT, -RT,
20 4.35 1.24 0.30 0.04
(cm)
} 30 3.74 1.08 0.27 0.04
40 3.01 0.88 0.22 0.03
Y]
SITE STN (m) 13.68 7.09 3.79 2.48
¥ _54
MM-RT) 1.28 0.56 0.23 0.14
(cm)
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Sheet 1:

DATA SUMMARY

Release Date

Radiosonde Parameters

1/20/70

STATION

STATION

STATION

52

54

55

RELEASE
TIME

17:31

17:30

17:36

103 P

POUT N
oo

2%
X

ALTITUDE
(km)

16.0

13.0

17.3

AZIMUTH

69.5

75.3

74.2

ELEVATION

8.6

8.7

8.5

RANGE
(km)

106.8

85.9

117.0

R 2y

A
o
I
[ T
H
i
P
P L)
1.
i
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Sheet 2:

DATA_SUMMARY

SITE STN 52

SITE ALTITUDE (m)

Ray Trace Parameters

RELEASE DATE }/20/70

TIME 17.3]
WAVE LENGTH (nm) 530

ELEVATION
10° 0° 40° 80°
AZIMUTH
130 0.56 0.43 0.29 0.21
140 0.20 .33 0.28 0.22
150 -.11 .24 0.25 0.20
160 -.37 .16 0.23 0.20
170 -.58 .10 0.21 0.21
RT, -RTy
180 -.72 .06 0.20 0.21
(cm)
190 -.58 .10 0.21 0.21
200 -.37 .17 0.23 0.20
210 -.11 .24 0.25 0.20
MM
SITESTN 13.54 .02 3.75 2.45
# 52
MM-RT, 0.80 .34 0.12 0.07
(cm)

104
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x5 DATA SUMMARY
Sheet 3: Ray Trace Parameters
SITE STN 54 RELEASE DATE 1/20/70 TIME _}17:30
SITE ALTITUDE (m) __ 140 _ WAVE LENGTH (nm) 530
e
: ELEVATION
10° 20° 40° 80°
RO
¥ AZINUTH
s 260 -.44 -.28 -.17 -.14
. 270 -.04 -.17 -.15 -.14
280 0.34 -.06 -.12 -.14
Ell
2 290 0.69 0.04 -.10 -.14
300 1.00 0.12 -.08 -.13
. RT, -RT,
} (c-) 310 1-26 0019 ‘-06 ‘.13
. 320 1.46 0.24 -.05 -.13
330 1.60 0.28 -.04 -.13
MM )
SITE STN ) 13.54 7.02 3.75 2.45
_ r 54
| MM-RT, 1.32 0.57 0.24 0.15
; (cm)
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DATA SUMMARY
Sheet 4: Ray Trace Parameters
SITE STN s5 RELEASE DATE 1/20/70 TIME _17:36
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
10 1.53 0.22 -.08 -.14
20 1.53 0.22 -.08 -.14
30 1.47 0.20 -.08 -.14
40 1.33 0.17 -.09 -.14
S0 1.13 0.12 -.10 -.15
RT, -RT,
(cm) 60 0.87 0.05 -.12 -.15
70 0.56 -.04 -.14 -.15
80 0.21 -.14 -.16 -.15
|
SITE STN (m 13.54 7.02 3.75 2.45
#__55
MM-RT
1 0.57 0.23 0.06 0.04
(cm)

gt
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DATA SUMMARY
Sheet 1: Radiosonde Parameters
Release Date M
STATION STATION STATION
f
53 55 57
RELEASE 2
TIME 21.35 21.32 21.30
ALTITUDE
(km) 16.0 16.0 14.9
AZIMUTH 71.0 72.5 67.8
ELEVATION 6.2 6.1 7.3
RANGE 147.5 150.7 117.3
(km)
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DATA SUMMARY

Sheet 2: Ray Trace Parameters

SITE STN _ 53 RELEASE DATE 1/19/70 TIME 2]:35

SITE ALTITUDE (m) 130  WAVE LENGTH (nm) 330

ELEVATION
10° 20° 40° 80°
AZIMUTH
170 -6.04 -2.38 -1.02 -.56
180 -6.27 -2.45 -1.04 -.56
190 | -6.04 -2.38 -1.02 -.56
200 -5.72 -2.29 -1.00 -.56
210 -5.31 -2.18 -.98 -.56
RT, -RT,
220 -4.82 -2.05 -.94 -.55
(cm)
230 -4.28 -1.90 -.91 -.55 °
240 -3.69 -1.74 -.87 -.55
250 -3.08 -1.58 -.83 -.54
MM
SITE STN (m) 13.54 7.02 3.75 2.45
¥ _53
MM-RT
1 0.84 0.36 0.13 0.10
(cm)
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Sheet 3:

DATA SUMMARY

SITE STN 55

SI™E ALTITUDE (m)

140

Ray Trace Parameters

RELEASE DATE }/19/70

109

TIME 2):32

WAVE LENGTH (nm) 530

'\ GLEVATION

4ZIMUTRH

10°

40

80

RT. -RT

{cm)

0.50

-.59

-050

50

0.20

-.67

-.61

-.50

60

-.19

'077

‘u63

70

-.66

-.90

-.66

80

-1.19

-1.04

90

-1.77

~-1.20

100

-2.38

~-1.37

110

-3.00

-1.53

120

-3.61

-1.70

SITE STN

¥ _55

MM
(m)

' 5.56

7.03

MM-R”:1

{cm)

0.74

0.32

o

.
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B R S




L R

T LT R

€y
.

i

S I

B -5 e,
.

Sheet 4:
SITE STN §7

DATA SUMMARY

SITE ALTITUDE (m) 140

Ray Trace Parameters

RELEASE DATE 1/19/70 TIME 21:30

WAVE LENGTH (nm) 530

ELEVATION
10° 20° a0° 80°
AZIMUTH
-30 0.81 -.49 -.55 -.50
-20 0.91 -.46 -.54 -.51
-10 0.89 -.47 -.55 -.51
0 0.77 -.50 -.55 -.50
10 0.89 -.47 -.55 -.51
RT -RT,
(cm) 20 0.91 -.46 -.54 -.50
30 0.8] -.49 -.55 -.50
40 0.60 -.54 -.56 -.50
. MM
SITE STN (m) 13.57 7.03 3.76 2.46
# 57
MM-RT) 1.07 0.28 0.06 0.04
{cm)

R |
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Sheet 1:

DATA SUMMARY

Release Date

Radiosonde Parameters

1/19/70

STATION

STATION

STATION

52

55

58

RELEASE
TIME

17:31

17:32

17:30

ALTITUDE
(km)

15.8

16.1

16.0

AZIMUTH

70.5

72.4

71.5

ELEVATION

6.0

6.3

5.7

RANGE
(km)

152.1

146.5

160.5

P —

o
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DATA SUMMARY
. Sheet 2: Ray Trace Parameters
R SITE STN 52 RELEASE DATE 1/19/70 TIME 17:31
R - -
e SITE ALTITUDE (m) _140 WAVE LENGTH (nm) 530
g l ELEVATION
T 10° 20° 40° 80°
; . AZIMUTH
e n
e 120 -1.40 | -.94 -.57 -.42
130 -1.53 | -.907 -.57 -.41
L
o 140 -1.68 | -1.01 -.58 -.42
& 150 -1.85 | -1.05 -.59 -.41
N 160 -2.02 | -1.09 -.60 -.43
A -
¥ RT, -RTy
(cm) 170 -2.20 | -1.14 -.61 -.42
180 -2.38 | -1.19 | -.63 -.43
190 -2.20 | -1.14 -.61 -.42
200 -2.02 | -1.09 -.60 -.43
! WTE ~TH 2‘:“) 13.60 | 7.04 3.77 2.46
|
! + 52
! MM-RT, 1.16 | 0.39 0.13 0.08
: (cm)
. (4 A
g R qz‘ T N S ST TEUN” N B R S - P

P



-

Sheet 3:

DATA SUMMARY

Ray Trace Parameters

SITE STN 55 RELEASE DATE 1/19/70 TIME 17:32
SITE ALTITUDE (m) _140 WAVE LENGTH (nm) _S30
ELEVATION
10° 20° 40° 80°
AZIMUTR
10 -1.71 -1.02 -.57 -.38
20 -1.5§ -.98 -.56 ~.38
30 -1.40 -.94 -.55 -.37
40 -1.28 -.90 -.55 -.37
50 -1.18 -.88 -.54 -.37
RT,-RT; - ]
(c.) -1010 "85 - . 3 ‘037
70 -1.06 -.84 -.53 -.36
80 -1.05 -.83 -.53 -.36
90 -1.07 -.83 -.53 -.35
|
M
SITE STN =) 13.58 7.04 3.76 2.46
# 55
MM-RT, 0.72 0.31 | 0.10 0.07
(cm)

[N S
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DATA SUMMARY

Sheet 4: Ray Trace Parameters

SITE STN _58  RELEASE DATE 1/19/70 TIME 17:30

SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
270 -1.35 -.99 -.61 -.43
280 -1.33 -.98 -.61 -.45
290 -1.34 -.99 -.61 -.44
300 -1.38 | -1.00 -.62 -.43
RT -RT, 310 -1.45 | -1.02 -.62 -.44
(cm) 320 -1.54 -1.05 -.63 -.44
330 -1.67 | -1.08 -.64 -.43
340 -1.81 | -1.12 -.64 -.43
350 -1.97 | -1.17 -.66 -.44
MM
SITE STN (m) 13.56 7.03 3.76 2.46
4 S8
MM RT
1 0.87 0.20 0.16 0.01
(cm)

114
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 2/13/70

STATION

STATION

STATION

52

53

56

RELEASE
TIME

17:30

17:30

17:30

ALTITUDE
(km)

15.8

15.0

13.1

AZIMUTH

89.7

85.6

82.8

ELEVATION

6.6

4.6

5.9

RANGE
(km)

137.5

187.0

127.4

D T

I e Gt ey T 9 R e

E ew v F
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: DATA SUMMARY ;
i Sheet 2: Ray Trace Parameters | ,’i
SITE SN _52  RELEASE DATE 2/13/70 TIME 17:30 P
- SITE ALTITUDE (m) __ 85 WAVE LENGTH (nm) 530
iw ELEVATION T 7’,
B
10° 20° 40° 80° -
%a AZIMUTH f
:,%‘. ‘.4 i‘
‘” T
¢ 90 0.40 0.35 0.23 0.16
100 - .09 0.22 0.19 0.16
u 110 - .55 0.09 0.17 0.15
120 - .97 -.02 0.14 0.15
T 130 -1.32 -.11 0.12 0.14
fz R'I'I-R'I'3 -
' (cm) 140 -1.61 -.19 0.10 0.15 |
150 -1.82 -.25 0.08 0.15 T
160 -1.95 -.29 0.07 0.14
170 -2.00 -.30 0.07 0.14
3
MW
SITE STN (m) 13.67 7.09 3.79 2.48
' _s2 é
-RT !
M-RT) 9.49 0.35 0.14 0.08 ,
(cm) .
.«
- LY \
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Sheet 3:

DATA SUMMARY

SITE STN 53

SITE ALTITUDE (m)

WAVE LENGTH (nm) 530

Ray Trace Parameters

RELEASE DATE 2/13/70 TIME 17:30

ELEVATION
10° 20° 40° 80°
AZIMUTH
200 -3.53 -1.13 -.38 -.17
210 -3.34 -1.08 -.37 -.16
220 -3.08 -1.01 -.35 -.1v
230 '2-74 -192 —033 -016
240 -2.35 -.81 -.30 -.16
RTl-RT3
250 -1.90 -.69 -.28 -.16
(cm)
260 -1.42 -.56 -.24 -.15
270 - .91 -.43 -.21 -.15
280 -.40 -.29 -.18 -.14
MM
SITE STN () 13.64 7.07 3.78 2.47
¥ __53
-R
MM-RT) 0.88 0.53 0.24 0.17
(cm)
- TN e Tme——— -
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DATA SUMMARY
Sheet 4: Ray Trace Parameters
SITE STN 356 RELEASE DATF 2/13/70 TIME _17:30
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
340 2.88 0.86 0.26 0.09
350 3.09 0.92 0.27 0.09
0 3.22 0.95 0.28 0.08
10 3.09 0.92 0.27 0.09
20 2.88 0.86 0.26 0.09
RTI-RT3
30 2.59 0.79 0.24 0.08
(cm)
40 2.23 0.69 0.22 0.08
50 1.81 0.58 0.19 0.07
60 1.35 0.46 0.17 0.07
MM
SITE STN m) 13.64 7.08 3.79 2.47
LT T
RT
MMRT) 0.42 0.45 0.22 0.15
(cm)

F
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 1/21/70

STATINN

STATION

STATION

52

53

56

RELEASE
TIME

13:30

13:35

13:30

ALTITUDE
(km)

12.9

15.8

16.0

AZIMUTH

102.3

101.2

103.5

ELEVATION

4.2

5.2

6.3

RANGE
(km)

177.1

172.8

144.8

[P ————
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E DATA SUMMARY
. DATA SUMMARY
o Sheet 2: Ray Trace Parameters
; SITE STN _52  RELEASE DATE 1/21/70  TIME _13:30
> SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
o ELEVATION
. 10° 20° 40° 80°
,4
- 90 1.74 2.08 1.47 1.10
) 100 1.40 1.¢8 1.45 1.10
110 1.21 1.93 1.43 1.10
120 1.16 1.91 1.43 1.10
130 1.26 1.94 1.44 1.10
L RT. -RT
] 173
(cm) 140 1.50 2.00 1.45 1.10
150 1.89 2.10 1.47 1.10
160 2.40 2.23 1.51 1.11
i
MM
SITE STN (m) 13.74 7.12 3.81 2.49
$__52
-RT
MM-RT) 1.31 0.54 0.21 0.14
(cm)
|
A

Yt

PR
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: DATA SUMMARY
:L" ' Sheet 3: Ray Trace Parameters
; SITE STN s3 RELEASE DATE _}1/21/70 TIME _]13:35
g :, SITE ALTITUDE (m) 85 WAVE LENGTH (nm) _ 530
o ELEVATION
- 10° 20° 40° 80°
AZIMUTH
?a"".
210 3.19 2.77 1.83 1.34
. 22¢ 2.79 2.67 1.81 1.34
230 2.54 2.60 1.79 1.%4
< 240 2.42 2.57 1.79 1.34
250 2.46 2.59 1.79 1.34
1‘ RT. -RT
\! l 3
(cm) 260 2.65 2.64 1.80 1.34
270 2.97 2.73 1.82 1.34
280 3.43 2.86 1.85 1.34
|
SITE STN MM 13.66 7.07 3.78 2.47
(m)
s 53
MM-RT
1 1.00 0.49 .20 0.14
(cm)
P o -
T p
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DATA SUMMARY 5
Sheet 4: Ray Trace Parameters
SITE STN 56 RELEASE DATE _1/21/70 TIME _13:30
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
-20 8.09 4.16 2.19 1.41
-10 8.91 4.38 2.24 1.42
0 9.69 4.59 2.29 1.43
10 8.91 4.38 2.24 1.42
20 8.09 4.16 2.19 1.41
RT -RT,
(cm) 30 7.24 3.93 2.13 1.41
40 6.40 3.71 2.08 1.40
50 5.59 3.49 2.02 1.40
; M
SITE STN (m) 13.75 7.12 3.81 2.49
P56
MM -RT
1 1.81 0.70 0.29 0.19
(cm)
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 2/13/70 1

o

STATION - STATION STATION

' 52 54 56

RELEASE i ) . ) :
TIME 21:30 21:30 21:30

ALTITUDE 16.0 13.3 13.2

(km)

AZIMUTH 89.8 86.6 85.8

ELEVATION 7.2 7.8 7.3 :
RANGE 127.7 97.6 103.2

(km)
%y
W -t .\ ?



Sheet 2:

DATA SUMMARY

SITE STN 52

SITE ALTITUDE (m)

Ray Trace Parameters

RELEASE DATE 2/13/70

TIME _2]:30
WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
100 -.55 -.02 0.07 0.06
110 -.95 -.13 0.04 0.06
120 -1.31 -.23 0.02 0.05
130 -1.62 ~.32 -.00 0.05
140 -1.86 -.38 -.02 0.05
RTI-RTS
(cm) 150 -2.03 -.43 -.03 0.05
160 -2.13 -.46 -.04 0.05
170 -2.15 -.47 -.04 0.04
MM
SITE STN (m) 13.68 7.09 3.79 2.48
b __52
MM-RT
1 0.55 0.35 0.14 0.11
(ecm)

3

-
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DATA SUMMARY

Sheet 3: Ray Trace Parameters
SITE STN 54 RELEASE DATE 2/13/70 TIME 21:30

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
230 -1.86 -.45 -.07 0.03
240 -1.55 -.36 -.05 0.03
250 -1.20 -.27 -.03 0.03
260 -.80 -.16 -.00 0.03
270 -.36 -.04 0.02 0.04
RT, -RT
I
(cm) 280 0.09 0.09 0.05 0.04
290 0.54 0.21 0.08 0.04
300 0.99 0.33 0.11 0.05
SITE STN ?ﬁ 13.65 7.08 3.79 2.47
m
b _sa
MM-RT, 0.08 0.48 0.22 0.15
(cm)
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Sheet

SITE STN

cITE ALTITUDE (m)

DATA SUMMARY

4: Ray Trace Parameters

56

85

RELEASE DATE 2/13/70

126

TIME 21:30

WAVE LENGTH (nm) 530

ELEVATION

AZIMUTH

10°

20°

40

80

RTI-RT

(cm)

-20

2.38

0.70

0.20

0'06

-10

2.59

0.76

0.21

0.06

2.72

0.79

0.22

0.06

10

2.59

0.76

0.21

0.06

20

2.38

0.70

0.20

0.06

30

2.10

0.63

0.18

0.05

40

1.77

0.54

0.16

0.05

50

1.38

0.43

0.13

0.05

SITE STN

#_56

(m)

13.64

7.08

3.79

2.48

MM-RT,
{cm)

0.14

0.34

0.16

0.10
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i DATA_SUMMARY
1
t
Sheet 1: Radiosonde Parameters
Release Date __}_/_?_7_/_7_9__
N | STATION STATION STATION
¥ 52 55 58
RELEASE
TIME 4:26 4:30 4:30
ALTITUDE 16.0 16.0 13.2
(km)
AZIMUTH 92.1 98.1 89.0
ELEVATION 8.8 7.2 8.2
RANGE 105.1 127.6 93.0
(km)




Sheet 2:

SITE STN

DATA SUMMARY

Ray Trace Parameters

SITE ALTITUDE (m) 140

RELEASE DATE 1/27/70

TIME 4:26

WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTR
130 -.41 -.01 0.06 0.04
140 -.60 -.07 0.05 0.04
150 -.75 -.12 0.03 0.04
160 -.87 -.16 0.02 0.04
170 -.95 -.19 0.02 0.04
RT,-RT, -
(c‘) 180 "-99 --20 0.01 0003
190 -.95 -.19 0.02 0.04
200 -.87 -.16 0.02 0.04
Y]
SITE STN (m) 13.54 7.02 3.76 2.46
# 52
MM-RT
1 -.18 0.10 0.03 0.04
(cm)
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DATA SUMMARY

Sheet 3: Ray Trace Parameters

SITE STN 55 RELEASE DATE 1/27/70 TIME 4:30 ‘

SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530

ELEVATION -
10° 20° 40° 80° -
AZIMUTH ¢
20 2.17 0.83 0.32 0.14 !
30 2.08 0.81 0.31 0.14 §
40 1.95 0.77 0.31 0.14
50 1.79 0.73 0.30 0.14
60 1.59 0.67 0.28 0.14
RTI-R’I‘S
(cm) 70 1.37 0.61 0.27 0.14
80 1.13 0.54 0.25 0.13
90 0.89 0.47 0.23 0.14
*
. MM .
SITC STN (m) 13.53 7.02 3.75 2.45
¥ _55
MM-RT
1 0.21 0.22 0.08 0.07
(cm)
:i
3
s RIS



DATA SUMMARY
Sheet 4:
SITE STN 58

Ray Trace Parameters

RELEASE DATE 1/27/70

4
[--‘ da

TIME 4:30

SITE ALTITUDE (m) 140  WAVE LENGTH (nm) 530
ELEVATION
10° 20° 40° 80°
AZIMUTH
270 0.57 0.30 0.14 0.09
280 0.81 0.37 0.16 0.10
290 1.05 0.44 0.18 0.10
300 1.27 0.50 0.19 0.10
310 1.46 0.55 0.20 0.10
RT, -RT
(cm) 320 1.63 0.60 0.21 0.11
330 1.76 0.63 0.22 0.10
340 1.85 0.66 0.23 0.11
M
SITE STN (m) 13.52 7.01 3.75 2.45
¥ _58
RT
MMRT) 2.13 0.21 0.08 0.04
(cm)

130
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DATA SUMMARY
Sheet 1: Radiosonde Parameters
Release Date 1/26/70
STATION STATION STATION
’ 52 53 56
RELEASE
TIME 9:30 9:30 9:30
ALTITUDE
6, 6.1 13.6
(km) 16,2 1
A CIMUTH 76.5 77.5 71.0
ELEVATION 6.4 4.9 6.1
*.ANGE 145.4 187.9 127.7
(km)
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DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN 52 RELEASE DATE 1/46/70 TIME 9:30

SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
90 -096 ‘070 -‘44 -.30
100 -1.58 -.87 -.48 -.31
110 -2,20 -1.04 -.52 -.31
120 -2.80 -1.21 -.56 -.32
130 -3.37 -1.37 -.60 -.32
RT,-RT,
(cm) 140 -3.89 -1.51 -.63 -.33
150 -4.34 -1.64 -.67 -.33
160 -4.71 -1.72 -.69 -.33
MM
SITE STN (m) 13.44 6.97 3.73 2.44
¥ 52
MM-RT) 0.19 0.04 -.04 -.03
(cm)

132
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DATA SUMMARY 3
‘ -
Sheet 3: Ray Trace Parameters {
. SITE STN _ 53  RELEASE DATE 1/26/70 TIME 9:30
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530
: ELEVATION .
10° 20° 40° 80° »
* AZIMUTH ¢
210 -4.57 | -1.77 -.73 -.37
, 220 -4.12 | -1.64 -.70 -.37
i 230 -3.60 | -1.49 -.67 -.36
! 240 -3.03 | -1.34 | -.63 -.36
i
250 -2.43 | -1.17 -.59 -.36
; - RTl-RTS
: (cm) 260 -1.81 -.99 -.55 -.35
1
270 -1.18 -.82 -.51 -.35
280 -.58 -.66 -.47 -.34
MM <
SITE STN (m) 13.42 6.96 3.73 2.44
b _s53
MM-RT
1 -.11 -.02 -.06 -.04
(cm)

| b . - — o 1




Sheet 4:

DATA SUMMARY

SITE STN 56

SITE ALTITUDE (m)

Ray Trace Parameters

RELEASE DATE 1/26/70

TIME 9:30

WAVE LENGTH (nm) 530

ELEVATION
10° 20° 40° 80°
AZIMUTH
340 1.79 0.03 -.28 -.32
350 1.83 0.04 -.28 -.31
360 1.76 0.02 -.28 -.32
370 1.83 0.04 -.28 -.31
380 1.79 0.03 -.28 -.32
RT, -RT,
(cm) 390 1.64 -.01 -.29 -.32
400 1.39 -.08 -.31 -.32
410 1.04 -.17 -.33 -.32
MM
SITE STN (m) 13.47 6.99 3.74 2.45
-
# 5§ .
RT
¥-Rh 0.00 0.05 -.02 -.02

Lcm)

e

AN



DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date

1/19/70

STATION

STATION

STATION

52

55

58

RELEASE
TIME

17:31

17:32

17:30

ALTITUDE
(km)

15.8

16.1

16.0

AZIMUTH

70.5

72.4

71.5

ELEVATION

6.0

6.3

5.7

RANGE
(km)

152.1

146.5

160.5
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DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN S8 RELEASE DATE 1/19/70  TIME 17:30
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 353
ELEVATION
10° 20° 40° 80°
AZIMUTH
270 -1.47 -1.07 -.66 -.48
280 -1.44 -1.06 -.66 -.48
290 -1.45 -1.07 -.66 -.48
300 -1.45 -1.08 -.67 -.49
310 -1.56 - -.67 -.48
RTI-RT3 -
(cm) 320 -1.67 -3 , --68 -.48
|
330 -1.80 -1..7 -.69 -.48
340 -1.96 -1.22 -.70 -.48
350 -2.13 -1.26 -.71 -.48
MM
SITE STN (m) 14.67 7.61 4.07 2.66
¥ _s8
-R
M Tl 0.80 0.10 -.03 -.01
(cm)
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DATA SUMMARY
AL
Sheet 1: Radiosonde Parameters
Release Date 1/21/70
STATION STATION STATION
* 52 55 56
RELEASE . . .
TIME 21:32 21:47 21:34
ALTITUDE 15.9 13.2 12.6
(km)
AZIMUTH 106.1 104.3 96.9
ELEVATION 7.2 6.4 5.1
RANGE 27 119. 142.1
(km) 127.1 1
% t
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Sheet 2:

DATA SUMMARY

SITE STN 56

SITE ALTITUDE (m)

Ray Trace Parameters

RELEASE DATE 1/21/70

TIME 21:34

WAVE LENGTH (nm) 353

ELEVATION
10° 20° a0° 80°
AZIMUTH
340 3.35 1.05 0.31 0.09
350 3.43 1.06 0.32 0.09
360 3.41 1.05 0.31 0.09
370 3.43 1.06 0.32 0.09
380 3.35 1.05 0.31 0.09
R'rl—m'3
(cm) 390 3.19 1.01 0.31 0.09
400 2.94 0.95 0.29 0.08
410 2.62 0.86 0.27 0.08
MM
SITE STN (m) 14.88 7.71 4.12 2.69
¥ _56_
MM-RT -
1 1.31 0.68 0.32 0.23
(cm)
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3
DATA SUMMARY ;
Sheet 1: Radiosonde Parameters
Release Date 1/21/70 :
STATION STATION STATION :
' 52 54 56 L
L
RELEASE , . , )
TINE 23:36 23:35 23:31
ALTITUDE 15.9 12.9 13.2
(km)
AZIMUTH 107.4 105.4 99.3
ELEVATION 7.7 4.9 6.3 .
RANGE 118.4 149.4 120.4
(km)
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DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN 56 RELEASE DATE 1/21/70 TIME 23:31
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 353
ELEVATION
10° 20° 40° 80°
AZIMUTH
340 5.35 1.79 0.61 0.24
350 5.29 1.76 0.60 0.24
360 5.10 1.68 0.58 0.24
370 5.29 1.76 0.60 0.23
380 5.35 1.79 0.61 0.24
RT -RT,
.20 . . .
(cn) 390 5 1.79 0.61 0.23
400 5.12 1.76 0.60 0.23
410 4.83 1.69 0.59 0.23
MW .
SITE STN 14.91 7.73 4.13 2.70
(m)
# 56
MM-RT) 1.46 0.59 0.25 0.17
(cm)
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DATA SUMMARY
Sheet 1: Radiosonde Parameters
Release Date 1/27/70
STATION STATION STATION
* 52 55 58
RELEASE
: : :3
TIME 2:30 2:30 2:30
ALTITUDE 15.4 15.9 16.0
(km)
AZIMUTH 86.6 93.5 84.6
ELEVATION 7.8 7.0 10.3
RANGE 113.6 130.6 90.0
(km)
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Sheet 2:

DATA_SUMMARY

SITE STN 58

SITE ALTITUDE (m)

140

Ray Trace Parameters

RELEASE DATE 1/27/70 TIME 2:30

WAVE LENGTH (nm) 353

ELEVATION
10° 20° 40° 80°
AZIMUTH
270 -.07 ~-.16 -.16 -.14
280 0.07 -.15 -.15 -.14
290 0.19 -.14 -.14 -.13
300 0.28 -.14 -.14 -.13
310 0.33 -.14 -.14 -.13
RT, -RT,
(cm) s 320 0.36 -.13 -.13 -.13
330 0.36 -.14 -.14 -.13
340 0.32 -.14 -.14 -.13
M
SITE STN (m) 14.62 7.58 4.06 2.65
¥ _58
-RT
MM-RT, -.17 0.06 0.01 0.03
(cm)
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DATA SUMMARY

Sheet 1: Radiosonde Parameters

Release Date 1/30/70

R i

STATION STATION STATION
# 52 55 56
RELEASE . ) .
TIME 21:30 21:30 21:30
1 ALTITUDE 15.9 16.1 13.1
(km)
[
AZIMUTH 76.7 82.4 73.0
ELEVATION 7.5 7.1 6.5
RANGE 121.4 129.4 118.4
(km)
o
i
§
]
]



DATA SUMMARY
Sheet 2: Ray Trace Parameters
SITE STN 56 RELEASE DATE 1/30/70 TIME 21:30
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 353
ELEVATION
10° 20° 40° &0°
AZIMUTH
300 0.97 -.97 -1.05 -.93
310 0.97 -.98 -1.05 -.92
320 0.79 -1.03 -1.06 -.93
330 0.43 -1.14 -1.09 -.93
340 -.09 -1.29 -1.12 -.93
RT,-RT,
(cm) 350 -.75 -1.49 -1.17 -.94
360 -1.54 -1.72 -1.23 -.94
370 -.75 -1.49 -1.17 -.94
MM
SITE STN (m) 14.67 7.60 4.07 2.66
¥ 56
MM-RT, 0.75 0.52 0.25 0.18
(cm)
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